By using 2,4,6-trihydroxyacetophenone adsorbed to cation-substituted zeolite, laser desorption/ionization mass spectrometry for six kinds of bioactive substances was carried out. The compounds, which were usually difficult to observe by conventional matrix-assisted laser desorption/ionization mass spectrometry, were ionized by cation adduction from the zeolite surface.
Introduction
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is one of the most reliable implements for the analysis of macromolecules, such as proteins or peptides, because its soft-ionization potential enables the observation of analyte-related ions with very few fragments. 1, 2 MALDI-MS provides simple spectra consisting of mostly singly charged ions by comparatively simple preparations and observation. [3] [4] [5] However, there are disadvantages as well. The fragmentation of matrices, which are typical organic acids, such as α-cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid (SA), 2,5-dihydroxybenzoic acid (DHB), and 2,4,6-trihydroxyacetophenone (THAP), occurs during laser desorption/ ionization. This complicates the spectral analysis in the lowmolecular-weight range due to the congestion of fragment peaks. To overcome those disadvantages, co-matrix substances have been explored and some of them gave good results. [6] [7] [8] [9] [10] A matrix-free technique, such as desorption/ionization on porous silicon (DIOS), 11, 12 and the use of a nanostructured surface have been proposed. 13 For example, Cheng et al. measured the mass spectra of abused drugs by using a nanostructured silicon surface (nSi), and reported the advantages of their method by comparing with results obtained with GC and LC-MS. 14 Recently, we used cyclodextrin [15] [16] [17] [18] and zeolite [19] [20] [21] as host molecules for typical MALDI matrices, and found that they suppressed the fragmentation of guest matrix molecules and increased the peak intensities of analytes.
Zeolites are crystalline aluminosilicates with nano-sized cages, and usually act as solid acid catalysts for many industrial processes. They have high catalytic activity due to charge imbalance at Si-O-Al bridging sites; and those sites are compensated by a cation. In our previous studies, we reported possible ionization process of THAP adsorbed to H + -and Li + -substituted zeolite; proton (cation) transfer from zeolite to THAP via adsorbed water molecules in the electronic excited state of THAP. 19, 21 In this study, we applied this THAP-zeolite complex ("zeolite matrix" hereafter) to the detection of six kinds of bioactive substances. We successfully measured the mass spectra of low-molecular-weight bioactive substances, saccharides, alkaloids, marine toxins, anticonvulsants, tranquilizers, and pesticides, which are hardly detected by conventional MALDI-MS.
Experimental
Mordenite zeolite (JRC-Z-HM20) was supplied by Catalysis Society of Japan (CSJ). Zeolite HM20 was calcined for 6 h at 773 K in air before use. Cation exchange of the zeolite surface was reported previously. 20, 21 Briefly, each of lithium acetate (CH3COOLi), sodium nitrite (NaNO2), and potassium nitrite (KNO2) was dissolved in distilled water to obtain a 6.0 mol L -1 solution. Zeolite HM20 was added to the solution, and the mixture was stirred for 1 h at 353 K. The mixture was filtered at room temperature, and the thus-treated zeolite was dissolved again in a lithium acetate, sodium nitrite, and potassium nitrite aqueous solution, and the mixture was stirred for 1 h at 353 K. We repeated this treatment three times. After filtering, the residue was washed with distilled water and the mixture was heated for 3 h at 723 K. Finally, Li + -, Na + -, and K + -substituted zeolites (LiM20, NaM20, and KM20) were obtained. THAP, a typical organic MALDI matrix, was recrystallized from methanol before use. THAP (4 mg) and each cation-substituted zeolite (8 mg) were mixed in a mortar. The obtained mixture, zeolite matrix, was named as THAP/LiM20, THAP/NaM20, and THAP/KM20. A zeolite matrix was suspended in a 1-mL solution of acetonitrile and water (7:3 v/v). One microliter of each zeolite matrix and analyte solution was pipetted onto a stainless-steel plate, left in air for minutes to evaporate the solvent, and analyzed by a home-made MALDI-TOF mass spectrometer. The fourth harmonic of a Nd 3+ :YAG laser (Spectra Physics, 266 nm, 10 Hz, 2 ns) was employed for the desorption/ ionization; the pulse energy was 5 μJ. Produced ions from the sample were accelerated by a voltage of 4.0 to 3.0 kV, and were detected by a micro-channel plate (MCP) through a linear time-of-flight mass spectrometer. The observed ion signal was recorded as a mass spectrum in a digital oscilloscope. The structures of the analytes used in this study are summarized in Fig. S1 (Supporting Information).
Results and Discussion
Saccharides Figure 1 shows the mass spectra of saccharides measured with the zeolite matrix (THAP/NaM20). Figure 1 (a) shows the result for digoxin, which is a cardiac cordial. The analyte (M; digoxin) ion was observed as a Na + -adducted species at m/z = 804. No other peaks of analyte-related ions were observed. The peak intensity of [M+Na] + was more than half of the peak intensities of the protonated or Na + -adducted THAP. The peak intensity enhancement of the analyte and the ionization by cations on the zeolite surface are the features of the zeolite matrix. [19] [20] [21] For the matrix molecules, a large peak of [THAP+H] + was observed in addition to [THAP+Na] + , although the peak of the protonated analyte was not observed.
The binding energies of H + and Li + to THAP were investigated in our previous study by density functional calculations at the B3LYP/6-31+G(d,p) level. Here, we also calculated the structures and the binding energetics of Na + and K + to THAP at the same level. 21 Since no 6-31+G(d) basis sets have been developed for K, we used almost equivalent basis functions by McLean and Chandler implemented in the Gaussian 09 program. 22 All of the structures were verified to be at the minima by harmonic vibrational analysis. Thus, the binding energies of H + , Li + , Na + , and K + to THAP were estimated to be 927, 236, 148 and 103 kJ mol -1 , respectively. From those results, it is expected that Na + , Li + , and K + can detach more easily than H + from THAP to produce cation-adducted analyte ions. The Na + adduction from [THAP+Na] + to the analyte occurred rather than the H + adduction from [THAP+H] + to the analyte. Note that the zeolite itself has no absorption in the ultraviolet (UV) to visible wavelength region, and direct cation transfer from the zeolite to the analyte is unlikely, since we could not observe any peak on mass spectrum without THAP. [19] [20] [21] Figure 1(b) shows the mass spectrum of amygdalin, which is a glycoside that typically exists in seeds of Prunus mume. The peak of the analyte was observed at m/z = 481 with high intensity. It is known that saccharides are difficult to detect by conventional MALDI-MS. By using our zeolite matrix, however, saccharides were observed as cation-adducted species with high intensity. All results of mass spectrometry using the zeolite matrix are summarized in Table 1 . Figure 2 shows the mass spectra of three alkaloids measured by using the zeolite matrix (THAP/NaM20). Figure 2(a) shows the mass spectrum of aconitine, which is a toxin from Aconitum. The large peak of the protonated analyte was observed at m/z = 646, whereas the peak of the Na + -adducted analyte was not observed. It was assumed that the enthalpy decrease was large because of H + adduction to the analyte as compared with Na + adduction. This feature could also be found in the mass spectrum of atropine, which is a drug used for the treatment of low heart rate. A shown in Fig. 2(b) , only the peak of the protonated analyte was observed at m/z = 290. For colchicine, which is a medicine used for gout, the peak of the Na + -and H + -adducted analyte was observed at m/z = 422 and 400, as shown in Fig. 2(c) .
Alkaloids

Marine toxins
Then, we examined marine toxins. Figure 3(a) shows the mass spectrum of okadaic acid measured with THAP/LiM20. Okadaic acid is a toxin that accumulates in bivalves. In Fig. 3(a) , a small peak assignable to + was observed at m/z = 818, although the amount of analyte was almost one-tenth of those used in Figs. 1 and 2 . Okadaic acid is a monocarboxylic acid, and therefore ionization by cation adduction is difficult. Because of the strong acidity of the zeolite surface, however, the ionization of analyte by Li + adduction was possible. On the other hand, since kainic acid is a dicarboxylic acid, ionization by cation adduction was more difficult than in the case of okadaic acid. Kainic acid is a natural marine acid that exists in some seaweed. The signal-tonoise ratio was low; however, kainic acid was observed at m/z = 220, as shown in Fig. 3(b) . For domoic acid, a tricarboxylic acid, only a very small peak was observed at m/z = 311 as M + , as shown in Fig. 3(c) . Domoic acid is also a toxin in seaweed. It was assumed that the acidity of the analyte increases with increasing number of carboxyl groups; it can be expected that the cation-adducted species became unstable in the order of okadaic acid, kainic acid, and domoic acid. Then, another marine toxin, tetrodotoxin, was examined with THAP/NaM20; and the result is shown in Fig. 3(d) . Tetrodotoxin is a neurotoxin present in puffer fish. Although the peak intensity was weak, tetrodotoxin was detected as a Na + -adducted species at m/z = 344.
Anticonvulsants
Then, some anticonvulsants were examined. Figure 4 (a) shows the mass spectrum of barbital, which is a hypnotic, measured with THAP/NaM20. Barbital was detected as a Na + -adducted species at m/z = 207, and the peak intensity was stronger than that of [THAP+Na] + . In addition, a large peak assignable to + was observed at m/z = 229. Barbital is one of the molecules that are hardly ionized and detected by conventional MALDI-MS. However, the analyte-related peaks were clearly observed by using our zeolite matrix. Phenytoin, which is an antiepileptic, was then examined with THAP/ LiM20. As shown in Fig. 4(b) , phenytoin was observed as a Li + -adducted species at m/z = 259. Figure 4 (c) shows the results for sodium valproate measured with THAP/NaM20. For sodium valproate, however, the peak of the analyte-related ion was not detected. Sodium valproate is the sodium salt of valproic acid, and is an anticonvulsant used in the treatment of epilepsy. Since this analyte exists in the form of a sodium salt, it is assumed that sodium valproate is already ionized during the pretreatment before mass analysis in the form of C7H15COO -. Therefore, Na + on zeolite easily attaches to C7H15COO -to form charge neutral species that cannot be detected by mass spectrometry. Picrotoxin, which is a stimulant, was then examined with THAP/ NaM20. The peak of Na + -adducted picrotoxin was observed at m/z = 316, as shown in Fig. 4(d) .
Tranquilizers
Then, the mass spectrometry of tranquilizers was carried out. Diclofenac and indomethacin are nonsteroidal anti-inflammatory drugs (NSAIDs) that act to reduce inflammation and pain. Figures 5(a) and 5(b) show the mass spectra of these two compounds measured with THAP/LiM20. For diclofenac, the peak assignable to + was observed at m/z = 309, whereas the peak intensity of [M+Li] + at m/z = 303 was weak. For indomethacin, the small peak of [M+Li] + was observed at m/z = 365. The mass spectra of two other NSAIDs, ibuprofen and naproxen, are shown in Figs. 5(c) and 5(d). Because of the low analyte concentration, the signal-to-noise ratio was low. Nevertheless, the peak of [M+Li] + was observed at m/z = 219. For naproxen, the peak of naproxen cation (M + ) and the fragment peak were observed at m/z = 230 and 185. Because naproxen has a naphthalene ring, which has a strong UV absorption of S2 ← S0 transition around 266 nm, it can be expected that the resonant 2-photon absorption of 266 nm takes place efficiently, and the cation radical of naproxen is generated.
Pesticides
Finally, two pesticides, fenitrothion and glyphosate, were examined by laser desorption/ionization mass spectrometry. The mass spectrum of fenitrothion, which is a widely used phosphorothioate insecticide, is shown in Fig. 6(a) . Although the peak of fenitrothion itself could not be detected, the large fragment peak assignable to + was detected at m/z = 246. Figure 6(b) shows the mass spectrum of glyphosate, which is an herbicide used to kill weeds. Since the molecular weight of glyphosate is 169, which is the same as that of protonated THAP, CHCA (Mw. 189) was used as the matrix instead of THAP. In Fig. 6(b) , however, the peak of the analyte-related ion could not be detected.
Conclusions
By using 2,4,6-trihydroxyacetophenone (THAP) adsorbed to cation-substituted zeolite, the mass spectrometry of six kinds of bioactive substances, namely, saccharides, alkaloids, marine toxins, anticonvulsants, tranquilizer, and pesticides, was carried out. Mass peaks of those compounds, which are usually very difficult to observe by conventional MALDI-MS, were observed with high intensity. We confirmed that the zeolite matrix is useful for the observing the mass peaks of low-molecularweight bioactive substances.
